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                           Abstract 
 
To improve the quality and the marketability of wool and mohair, it is important to 
encourage, ensure and preferable certify that the baled fibre is free of contaminants. 
Anything other than the fibre that is within the bale can be classified as contaminants; 
this may be in the form of metal and wooden objects, plastic materials, paints, and 
vegetable matter such as grass and seed. The internationally accepted method for 
detecting and classifying these contaminants are highly labour intensive and costly. 
 
The ultimate goal of the present research is to develop a non-invasive and non-
destructive technique that can be used to detect contaminants, particularly plastic 
(polymer) materials within wool and mohair bales. Such a technique can be 
implemented in the wool industry and also could be applied to other fibres, such as 
cotton. The immediate objective of this study was to evaluate the capability and the 
limitation of X-rays as a technique to detect such contaminants. 
 
It was found that X-rays were suitable for detecting foreign objects, or contaminants, 
such as metals, but not for detecting plastic materials, such as polypropylene and 
polyethylene. 
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 CHAPTER 1: Background 
 
1.1 Wool and mohair production and  the South African economy 
 
The textile industry processes substantial quantities of fibre obtained from various 
animals, of which wool from sheep is commercially the most important for South 
Africa. The Wool and Mohair industries are amongst the oldest in South Africa and 
play an important role as earners of foreign exchange, amounting to over 1 billion 
Rand in foreign exchange annually. They contribute approximately 10% of the gross 
value of agricultural production in South Africa [1]. South Africa is by far the world’s 
largest producer of mohair, and also an important producer of apparel wool, but 
exports the majority of its wool and mohair in the form of greasy or scoured wool.  
Scouring is the process during which the greasy wool and mohair are washed to 
remove dirt, suint, grease, sand etc.  As natural fibres, wool and mohair have many 
attributes that make them highly sought after products, with traditional links to many 
markets and cultures. The Eastern Cape has the largest concentration of mohair 
producing angora goats and wool producing sheep in the country, accounting for 26% 
of wool production in South Africa and virtually 100% of mohair production. 
Australia remains the largest supplier of wool to the world textile market [2]. 
 
End uses of wool are determined by the main fibre characteristics, which include 
mean diameter, length, strength, colour, yield and contaminants. Wool producers have 
faced significant changes over the past decade, including a decline in the underlying 
demand for wool.  The decline in wool consumption generally reflects a decline in 
retail sales of apparel made from wool; wool consumption being small compared to 
that of cotton and manufactured fibres (synthetic), representing less than 3% of global 
fibre consumption.  
 
The bulk of the wool production in South Africa comes from nearly 10 000 
commercial farmers owning about 200 million sheep. The rest of the production 
comes from the nearly 3 million sheep owned by roughly 20 000 rural farmers 
producing 1.4% of realized auctioned bales. While wool in South Africa may be 
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marketed through private arrangements, the bulk of the clip is sold through public 
auction. At the auction, bales from individual producers are placed in separate lots. 
 
The price paid is according to the demand for the specific quality of each individual 
lot. Contaminants and foreign objects, such as polypropylene, metal, stones etc., if 
detected in bales of wool and mohair, cause the bales to be heavily discounted. In 
South Africa, the main wool brokers, such as BKB and CMW, as well as the National 
Woolgrowers Association (NWGA) make a considerable effort to try and ensure that 
the bales from farmers are predominantly free from contamination.  Nevertheless, 
contaminants still find their way into bales of wool and mohair, causing considerable 
damage and claims, annually totalling many millions of rands. 
  
Although South Africa’s wool and mohair are recognized as being amongst the best 
quality in the world, global competition, in terms of both quality and price, continues 
to increase, notably from countries such as Australia and New Zealand. There are, 
therefore, pressures on the entire textile pipeline, from grower to manufacturer, to 
continuously reduce costs, improve quality and streamline all components of the 
pipeline, including the quality measurement systems. The situation is rapidly 
approaching the stage where no natural fibre, such as wool, mohair or cotton, will be 
traded unless it has been comprehensively and objectively measured and quality 
guaranteed, including the presence of unwanted foreign matter and contaminants, 
thereby enabling both buyer and seller to know the precise nature and quality of the 
product and negotiate a fair price accordingly. 
 
 Although most of the important fibre quality characteristics are measured objectively, 
this entails tests which are not only destructive and costly but also environmentally 
unfriendly. Furthermore, contaminants, such as polypropylene and small foreign 
objects, remain largely undetected until the wool is processed by which stage 
considerable damage and associated claims can result. Testing of wool and mohair, 
particularly for contaminants, thus represents a significant cost factor and is 
consequently impractical and uneconomic in the case of small farmers. There is 
therefore a serious need for environmentally friendly and non-destructive objective 
measurement schemes for wool and mohair, particularly if the two fibres are to 
remain globally competitive in the 21st century.  
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1.2 Method of wool analysis  
 
When wool is received by the broker from the farmer, core and grab samples are 
taken from the individual bales. These samples, a representative sample being less 
than 750g from a bale of approximately 150kg, are sent to the Wool Testing Bureau 
for testing for wool base (clean wool yield), percentage and type of vegetable matter, 
colour, fibre diameter and staple length and strength. These tests and associated 
analyses are destructive, highly labour intensive, time consuming and 
environmentally unfriendly. The following section briefly outlines the relevant 
laboratory methods used. 
  
1.2.1 Oven–Dry mass 
 
In this method, sub-samples of known mass are treated using a special scouring 
solution and apparatus and then rinsed in water. This is for removing the grease, suint 
and other substances. After rinsing, the sub-samples are dried at a temperature of 1050 
C in a drier to achieve the oven dry mass. Careful packing of samples and weight 
recording are a few precautions that are necessary during the process. An instrument, 
known as a phsychrometer, is used to measure both the wet and dry bulb temperatures 
and a moisture correction factor, based on the difference between the two 
temperatures, is then used, together with the dried mass of the sub-samples, to obtain 
the oven-dry mass. 
 
1.2.2 Vegetable matter determination 
 
Vegetable matter can be determined by means of the following methods: 
• Hand-picking: Vegetable matter is separated by hand. This method is 
accurate but time consuming. It does, however, enable both the amount and 
type of vegetable matter to be obtained. 
• Carbonising: This is the removal of vegetable matter using sulphuric acid 
(H2SO4). Due to the need for a great deal of manipulation, it is difficult to 
adopt this method for large scale testing. 
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• Caustic soda method: A specific mass of a test sample, after the oven drying 
process, is dissolved in a hot 10% sodium hydroxide (NaOH) solution, which 
dissolves the wool (i.e. protein) but not the vegetable matter (i.e. cellulose).  
This is done to calculate the vegetable matter and the total alkali-insoluble 
material. The residue is dried and collected manually and burnt in a furnace at 
a temperature of 7500C to enable the amount of sand to be determined. 
Correction factors need to be applied, since the boiling NaOH dissolves a 
certain amount of lignin and other components of vegetable matter. 
 
1.3 Radiation based analysis methods 
 
Radiation based methods of analysis and screening find many applications in our 
society from health to security. There are different types of radiation and these can be 
classified in different ways, for example, according to the distance they penetrate 
through material. The interaction depends on the energy of radiation and the physical 
properties of the interacting material. The process whereby radiation energy is 
transferred to the medium is different for charged particles (electron beam, beta 
particles, proton beam and alpha particles), neutral particles (neutrons) and 
electromagnetic radiation (gamma rays, X-rays etc). 
 
Electromagnetic radiation is usually considered to be of a wave rather than particle 
nature, and it is due to this wave character that electromagnetic radiation penetrates 
more deeply into matter than charged particles. Electromagnetic radiation reacts with 
matter according to the following processes: Photoelectric, Compton and Pair 
production, which will be discussed in the next chapter.  
 
1.3.1 Electromagnetic Radiation 
 
 Electromagnetic radiation can be thought of as particles, called photons that carry 
energy in straight-line paths through space. As shown in Figure 1.1, the 
electromagnetic spectrum can be divided into various regions based on wavelength, 
but can be more simply classified as ionizing (X- and gamma rays) and non- ionizing 
(optical and radio), where ionizing radiation has sufficient energy to remove electrons 
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from the atom [3]. All forms of electromagnetic radiation occur throughout the 
universe, the most obvious being visible light. Radio waves are familiar because of 
their use in communication, including short-wave radio transmission, television 
broadcasts and mobile phones.  
 
Ultraviolet light is usually not considered as a form of ionising radiation, as the 
energy available per photon is generally smaller than that required to remove an 
electron from its atom or molecule. The lowest ionisation levels of most elements and 
organic compounds lie between 8 and15 eV, but many excitation levels may lie close 
to 5 eV. 
  
 
 
Figure 1.1: The electromagnetic spectrum 
 
1.3.1.1  X-rays  
    
The use of penetrating radiation, in particular X-rays, is significant in many areas of 
technology and medicine, and has been continuously developing for over a century. 
Today it is widely used as part of the X-ray scanning at airports for security reasons, 
where it is used to detect anything from fruits and organic matter to explosives and 
weapons in passenger baggage. New Zealand has also applied this technique in the 
animal industry for the determination of wool base and meat properties [4]. 
 
X-ray technologies provide the ability to determine some important characteristics of 
an object. The most useful information that X-ray based technologies can provide 
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relates to an object’s density and effective atomic number (Zeff). The effective atomic 
number is the estimate of the hypothetical single element that gives the same X-ray 
attenuation as the substance being evaluated. Density and Zeff are not the only 
characteristic values that X-ray technology can provide for a material; there are other 
values, such as scatter spectra, that can be used to determine an object’s material type 
[5]. Density and Zeff are chosen, however, because they are the easiest to determine 
from direct X-ray measurement. 
 
Research in X-ray physics has shown that there are different types of X-ray 
technologies that can be used for material detection and identification. The higher the 
energy absorbed by the object, the darker the image. Thus objects such as stones and 
metals would appear as dark in the standard transmitted image. This does not, 
however, apply to materials, such as wool and polypropylene, which have low 
densities. One way to solve the problem is to implement a dual energy system 
(measurement obtained at two different energies). Using dual energy transmission Zeff 
related information can be determined. For density related information, the 
backscatter image is usually the most effective for the detection of low-Z material, the 
backscatter X-rays providing information which can help in separating the effects of 
density and effective atomic number and thus help identify high density, low Zeff 
material [6]. Backscattered detection, however, is not a viable solution if the object to 
be scanned is bulky, as in the case of standard wool bales.  
 
Computer Aided Tomography is a more sophisticated X-ray technique in which cross-
section images (slices) through an object are reconstructed to produce a 3-dimensional 
image. Along with the 3-dimensional images, the effective Z number is calculated and 
material with the same Z can be identified.   
 
1.3.1.2  Gamma-rays 
 
Gamma-rays are electromagnetic radiation having frequencies which are higher than 
those of X-rays. The nucleus emits gamma radiation, whereas the orbital electrons 
produce X-rays. Gamma-rays are generally monoenergetic and their energy is 
completely defined by the energy levels of the nucleus. The interaction of gamma-
rays with matter is complicated, however, and is discussed further in the next chapter. 
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Modern industry uses gamma-ray sources in a variety of ways to improve 
productivity, in some cases to gain information that cannot be obtained in any other 
way. Gamma radiography works the same way as X-ray screening at airports, 
nevertheless, to produce an effective gamma-ray source only a small pellet of 
radioactive material is needed, instead of a bulky X-ray producing machine. This 
technique is used to determine elemental concentration of the material and commonly 
also for measuring the density and thickness of the material. An advantage of using 
gamma radiography is that no external power source is required. A disadvantage is 
that the gamma source cannot be switched off, thus necessitating permanent shielding 
and control measures.  
 
 1.3.1.3 Terahertz radiation 
 
Terahertz (T-ray) is the electromagnetic region in the frequency band from 0.1-
10THz. This offers great advantages over X-rays, as they are in the region between 
the infrared and microwaves, thus the photons are non–ionizing. They allow the 
possibility of obtaining more than just positional or density information [7]. 
 
One of the distinct features about the T-ray is that different molecules have specific 
interactions with the T-ray. T-ray technology is still relatively new due to the 
difficulty in generating adequate intensity for radiographic purposes. It is certainly a 
method to be considered for application in studying wool bales once the technology 
becomes more generally available.    
 
1.3.2 Neutron detection technologies 
 
Neutron radiography and computer-aided tomography are powerful tools for 
examinations where X-rays fail. Neutrons are effective probes for elemental 
characterization of bulk samples since they are not affected by electromagnetic forces 
and therefore penetrate deeply into matter, interacting only with nuclei. When 
neutrons interact with the nucleus, the resultant process depends on the incident 
energy and the species of the target nuclide [8]. The analysis process could be thermal 
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neutron scatter, prompt gamma-ray neutron activation, fast neutron or fast neutron 
nuclear reaction. In this review we will only consider the scattering reaction, since the 
scattering cross section of an atom generally varies between isotopes of the same 
element. 
 
1.3.2.1  Thermal neutron analysis (TNA) 
 
Neutrons with energy less than one electron volt are commonly referred to as thermal 
neutrons since they have a similar energy to what air molecules have at ordinary room 
temperature. Conventionally, a thermal neutron is defined as having an energy of 
25meV, equivalent to moving at 2200m.s-1.  When a neutron collides elastically with 
another nucleus at rest in a medium, it transfers some of its energy to it. Since wool 
contains large amounts of hydrogenous material, thermal neutrons are essentially 
unusable since such an environment rapidly absorbs them. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.2: A comparison of the attenuation coefficient for X-rays (line) and thermal 
neutrons for different elements. 
 
The specific properties of thermal neutrons and X-rays can be deduced from Figure 
1.2, where the attenuation coefficients are plotted against the atomic number of the 
elements. X-ray attenuation follows a continuous curve and so materials consisting of 
a similar proportion of elements of the same atomic numbers, such as wool and 
polypropylene, will therefore lie close to each other on the curve. Both materials will 
 9 
attenuate an X-ray beam by about the same amount and so it will be difficult for a 
detector to discriminate between the two. Since attenuation of neutrons is a function 
of nucleus rather than electrons, it should be able to identify wool and polypropylene 
more easily.  
 
1.3.2.2  Fast neutron analysis (FNA) 
 
Fast neutrons have higher energy than thermal neutrons, with kinetic energy greater 
than 1 MeV as compared to thermal neutrons measured in meV. Fast neutron analysis 
measures the result of the interaction of a neutron with matter, in particular during 
inelastic scattering. Inelastic scattering is when the incoming neutron has sufficient 
kinetic energy (usually greater than 100keV for heavy nuclei and several MeV for 
light elements) to place the nucleus into an excited state. The incoming fast neutron 
continues with a reduced kinetic energy. The reaction is therefore of the X (n, n’γ) X 
type [9]. Fast neutron analysis has therefore the potential of delivering better results 
than thermal neutron analysis because it is sensitive to nearly all elements and opens 
the possibility of identifying the substance under analysis. A major disadvantage of 
using neutrons is the complexity of generating the required intensity of neutrons at the 
appropriate energies. 
 
It is envisaged that fast neutrons need to be a part of an overall contamination 
detection system due to its penetrability and scope of elemental analysis. This is 
necessary in order to differentiate between plastic material and wool because they are 
both composed of light elements but in different proportions. The principle of using 
fast neutrons has been developed in the contraband detection industries [10]; the 
principle depends on the elements in the sample and their characteristics in terms of 
neutrons scattering. 
 
1.4  Principles of X-ray imaging 
 
Radiography is a well-known technique for medical examinations, and is one of the 
most important non-destructive test methods used in modern industries. Radiography 
takes advantage of the attenuation law for the intensity of transmitted radiation. A 
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beam of radiation is passed through an object and the transmitted radiation is received 
on a detector which could be photographic film or scintillator material connected to a 
charge coupled device (CCD) camera, which detects the attenuated radiation. This 
attenuation is dependent on the nature and the thickness of the material through which 
the radiation has passed. This gives a shadow image of the two-dimensional 
projection of the attenuation caused by the material in the sample. The main 
disadvantage of radiography is the superposition of the different internal structures in 
one image that complicates their visualization and identification. 
 
Tomography uses the radiographic images taken under different rotation angles of the 
sample with an axis of rotation perpendicular to the beam direction. Fundamentally, 
tomographic imaging deals with reconstructing an image from its projection. 
Projection means the information derived from the transmitted radiation, when an 
object is illuminated from a particular angle. Radiography is faster than tomography, 
but is inferior when it comes to revealing interior details of the imaged object.  
   
1.5  Motivation of the study 
 
The presence of foreign objects and contaminants in bales of natural fibres, in the 
form of polymeric material (high density polyethylene and polypropylenes), black 
pigmented fibre, paint markers and metal, stone and plant materials, represent major 
problems in the natural fibre industry, as they interfere with the dyeing process, affect 
the appearance of the final product and processing performance and can even damage 
machinery during processing. Plastic (polymeric) materials present a particularly 
serious problem. The problem generally originates on the farm when these materials 
enter the bales or containers (e.g. bags) into which the wool is packed; most such 
unwanted materials are virtually impossible to remove or detect prior to processing, 
except by manual sorting. In the latter case, a team of workers, standing at the end of 
the wool scouring line, are employed to visually inspect and pick the contaminants out 
by hand, which is costly and inefficient [11]. It would be more efficient if these 
contaminants could be detected at an earlier stage of processing. Furthermore, a major 
problem is that the origin (i.e. farmer or producer) of the contaminated wool is 
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virtually impossible to determine at this stage, which means that the problem cannot 
be addressed at the source and the farmer cannot be penalised. 
 
Vegetable (plant) matter contamination comes from a variety of sources including 
feed, bedding and weed infested pastures. Wool used for fine worsted material is not 
carbonised (treated to remove organic plant material), so the stems, grass, leaves and 
seeds mostly remain in the wool.  Certain of these materials align with the wool fibre 
and are not removed during processing and become incorporated into the yarn and 
fabric. The presence of these materials not only affects processing performance but 
also the appearance and the value of the final product.  
 
 There are presently no acceptable or effective technologies for wool contaminant 
detection prior to processing. In fact the most damaging contaminants, namely 
polypropylene and polyethylene and other unwanted materials, are virtually 
undetected and can only be remove effectively by manual inspection and sorting. This 
leads to an unreliable and incompetent assessment of wool/mohair quality and has a 
serious impact on their economic value. The fundamental limitations of existing 
methods of detecting and identifying contaminants, should in theory at least be easily 
overcome by the use of radiation techniques, such as neutrons, gamma and X –rays, 
which allow  accurate imaging of the internal features of an object non-destructively 
and the differentiation between different types of materials. Ideally it should be 
possible to view contaminants within a full bale of wool and mohair non-destructively 
by radiation techniques and in theory to detect and identify contaminants. 
 
Non-destructive inspection is the examination of an object or material with a 
technology that does not physically affect or damage its desirable characteristics, or 
future usefulness. It provides an excellent balance between product quality and cost 
effectiveness.  It is the aim of this study to develop such a non-destructive system to 
detect the contaminants present within bales of wool or mohair. Such a technology 
could improve, or ultimately replace, existing testing and evaluation methods used in 
the textile industry. 
 
Due to the complexity of neutron generation and detection, a non-destructive 
inspection system, based on using X-rays, was initially investigated and developed. 
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The aim of this dissertation was to evaluate the scope of an X-ray based scanning 
system to identify contaminants within bales of wool. 
 
 
1.6  Outline of the dissertation  
 
This dissertation consists of five chapters. Chapter 1 presents background information 
on the South African wool and mohair textile industry, as well as on potential bulk 
technologies based on radiation techniques.  
 
Chapter 2 provides an overview and theoretical background for X-ray technology. 
 
Chapter 3 investigates the possible variations in wool density during compression and 
decompression and the implications thereof on X-ray analysis. 
 
Chapter 4 discusses the characterization of the X-ray spectra.  
 
Chapter 5 investigates the capability of single energy X-ray imaging. This covers the 
components of the system and also a description of the X-ray facility. The techniques 
employed for the measurements are fully discussed. 
 
Conclusions and recommendations for future research are given in Chapter 6.   
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CHAPTER 2: The physics of X-ray imaging 
 
2.1 Introduction 
 
In this chapter, the physics of X-ray imaging technologies will be briefly discussed. In 
1885, while experimenting with an electric discharge in a vacuum tube, the German 
physicist Wilhelm Conrad Roentgen (1845-1923) noticed a glow on a phosphored 
screen, which was located at some distance from the tube. By putting various objects 
in between the tube and screen, he tried to test how the radiation could be blocked. 
Finally, he put his hand in front of the screen and saw a shadowed image of his bones. 
X-rays were born and at the same time their most famous application; radiography 
was discovered [12]. 
 
X-rays are a form of electromagnetic radiation (combination of electric and magnetic 
fields), similar to visible light, radio waves and gamma-rays. These fields move 
perpendicular to each other and to the direction in which they are travelling. 
Electromagnetic radiation consists of photons, each with an energy E inversely 
proportional to its wave length λ: 
       
νλ h
hcE ==
  ………………………………….(2.1) 
 
Where Planck’s constant h = 6.6261x10-34 J.s, c =3x108 m.s-1 is the speed of light in 
vacuum, ν the frequency and λ the corresponding wavelength. The wavelength of X-
rays range from 10 nm to 0.01 nm, or from 120 eV to 1.2 MeV, respectively, in terms 
of photon energy. 
 
 
 
  2.2  Production of X-rays 
 
X-rays are produced whenever a high-speed electron strikes a dense target. The higher 
the speed of the electrons, the more penetrating the X-rays that are produced. An X-
ray source typically consists of a cathode and an anode inside a vacuum tube as 
illustrated in Figure 2.1. When the cathode filament is heated, electrons are ejected 
 14 
from its surface. An electrical potential between the cathode and anode forces the 
electrons to accelerate towards the anode. When the electrons strike the heavy 
element atoms of the target, such as tungsten (W), they interact with the atoms and 
transfer their kinetic energy to the atoms. Such interaction occurs within a very small 
depth of penetration into the target. As it occurs, the electrons slow down and 
eventually are conducted through an anode assembly and out into the associated 
electronic circuitry. The electrons interact with the orbital electrons of the tungsten 
atoms, which results in a conversion of kinetic energy into thermal energy and 
electromagnetic energy in the form of X-rays. 
 
 
 
 
 
Figure 2.1: Schematic representation of conventional X-rays [13]  
 
 
There are two mechanisms involved in the production of X-rays. The first mechanism 
involves the rapid deceleration of a high-speed electron as it enters the electric field of 
a nucleus. During this process, the electron is deflected and emits a photon of X-
radiation. This type of X-ray is often referred to as Bremsstrahlung or “braking 
radiation”. For a given source of electrons, a continuous spectrum of Bremsstrahlung 
will be produced up to the maximum energy of the electron (Figure 2.2(a)). The 
second mechanism by which X-rays are produced is through the transition of an 
electron between atomic orbitals. Such transition involves the movement of an 
electron from a higher orbital to a vacancy within the inner orbits. In making such a 
transition, electrons emit photons with discrete energy given by the difference in 
energy states at the beginning and end of the transition. Because such X-rays are 
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distinctive for the particular elements, they are called characteristic X-rays; this kind 
of radiation is element dependent (Figure 2.2(b)).  
 
 
 
 (a)       (b) 
 
Figure 2.2: Schematic representations of two mechanisms of X-ray production [12]. 
 
 
2.3 Interaction of X-rays with matter 
 
A photon can interact with matter through a number of competing mechanisms. The 
interaction can be with an entire atom, as in the photoelectric effect, or with one 
electron in the atom, as in the Compton effect, or with the atomic nucleus (as in pair 
production). An awareness of these interactions is important in understanding the 
detection of X-rays with scintillation detectors.  
Figure 2.3 (a) An incident photon loses all its energy on entering an atom, being 
absorbed in the process. (b) The atom responds by ejecting the energy shell electron. 
(c) An electron from a higher energy level fills the vacancy in the inner shell and 
emits characteristic X-ray photons [5] 
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2.3.1  Photoelectric effect  
 
In the photoelectric absorption interaction the incident photon knocks an electron out 
of an atom, as shown in Figure 2.3. The photon is completely absorbed. If the photon 
carries more energy than is necessary to eject the electron, it will transfer its residual 
energy to the ejected electron in the form of kinetic energy. The energy (Ee) of the 
electron ejected from the inner shell is given by:   
   
  Ee  =  Ex  - Ea    ………………………….(2.2) 
 
Where Ex is the photon energy and Ee is the energy required to remove the electron 
from the atom, that is the binding energy of the electron in a shell. Since the atom is 
now left with a vacancy in its atomic shell, with energy Ea, it will immediately be 
filled by an electron from the outer orbit. The nett result of this interaction is emission 
of characteristic X-rays and Auger electrons as the atom attains equilibrium [12]. The 
photoelectric effect is predominant at lower energies and depends on the atomic 
number, as indicated in Figure 2.4.  
 
 
Figure 2.4: The three important regions of X-ray interaction with matter, with the 
atomic number Z versus the radiation energy [14]. The line at the left represents the 
energy at which photoelectric absorption and Compton scattering are equally 
probable as function of absorber atomic number. The line at the right represents the 
energy at which Compton scattering and pair production are equally probable.   
 
The photoelectric effect is characterized by the photoelectric absorption coefficient , 
which represents the effective cross sectional area of an atom and the probability that 
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an interaction will take place between an X-ray photon and an atom. This can be 
expressed [5] as follows:  
   ∝ (Z/h )3……………………….................................... (2.3) 
Where  is the density of the material, Z is its atomic number,  is the radiation 
frequency and h is Planck’s constant. According to equation 2.3,  increases with Z, 
and decreases as the X-ray photon energy increases.  
 
2.3.2 Compton scattering  
 
This process, also known as incoherent scattering, occurs when an electron is ejected 
from an atom due to an incident X-ray, the X-ray is scattered and has a lower energy 
(see Figure 2.5).  
 
 
 
 
 
 
 
 
 
Figure 2.5:  Schematic illustration of Compton scattering [5] 
 
Incoherent scattering is scattered radiation, the wavelength of which is less than that 
of the incident radiation and can be observed at all angles except in the 
straightforward direction [12]. The scattered X-ray has a lower energy, and therefore a 
greater wavelength than the incident photon. Compton scattering predominates at 
intermediate energies and varies with atomic number per unit mass as illustrated in 
Figure 2.4. 
 
2.3.3 Pair production 
 
Pair production occurs when a photon with energy greater than 1.022 MeV interacts 
with matter and an electron and positron are created with the annihilation of the 
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photon.  Pair production begins to predominate at energies greater than 1.2MeV, as 
shown in Figure 2.4. In this study, the pair production will not be considered since the 
X-ray generator used operates at a maximum of 225kV.  
 
2.4 Absorption of X-rays 
 
 
When X-rays are directed onto an object, some of the photons interact with the 
particles of matter and their energy can be absorbed or scattered. This absorption and 
scattering are termed attenuation. The number of photons transmitted through a 
material depends on the thickness, density and atomic number of the material and the 
energy of the photons (see Figure 2.6). 
 
 Figure 2.6: Illustration of X-ray transmission rays for a monoenergetic source [5] 
 
For monoenergetic X-rays, the attenuation in matter is given by Lambert-Beer’s law 
of absorption, which states that each layer of equal thickness absorbs an equal fraction 
of the radiation that transverses it. Mathematically, this is expressed as follows: 
 
 
  
x
I
I µδδ −=
………………………………………………. (2.4)
  
Where I is the intensity of the incident X-rays, µ is the proportionality constant, 
known as the linear absorption coefficient, and has the unit of reciprocal centimetres 
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(cm-1),if thickness is measured in cm. I
Iδ
 is the fraction of the X-ray removed from 
the beam as it travels through a small thickness δx. The negative sign indicates that 
the intensity always decreases on passing through matter. 
 
After integration of equation 2.4, and assuming incident intensity I0, the following 
equation is obtained: 
 
  I = I0 exp (-µx) ……………………………………………… (2.5) 
 
Where I is the intensity of the transmitted beam after it has passed through the 
material of thickness x. 
 
In the case of inhomogeneous material, equation 2.5 can become the line integral 
along the X-ray beam, that is the sum of the linear attenuation coefficients: 
 
 ∫=
x
dxEx
I
Io
0
),()ln( µ
……………………………………………. (2.6) 
 
The linear attenuation coefficient reflects the removal of X-ray photons from the 
beam by interaction with electrons of the material. The higher the electron density, the 
more interactions of X-ray photons with the sample material occur. The linear 
attenuation coefficient can be rewritten as: 
 
 
ρ
ρ
µµ )(=
……………………………………………… (2.7) 
Where µ/  is the mass attenuation (cm2/g) and  is the density (g/cm3). The mass 
attenuation coefficient is approximately constant for different materials within a 
specific energy range, whereas the linear attenuation is strongly determined by the 
density. Linear attenuation is also energy dependent; lower energetic X-ray photons 
having higher interaction probability. 
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The linear attenuation coefficient is the measure of the attenuation per unit distance 
(thickness). It has a specific value for the X-ray energy used and for the type of 
absorber, as shown in Figure 2.7. 
Figure 2.7:  The linear attenuation coefficient for wool and polypropylene 
 
 
As mentioned above, there are three processes important in X-ray interactions:  
photoelectric absorption, Compton scattering and pair production. Thus the linear 
attenuation coefficient can be written as: 
 
       µ(E) = µ pe (E) +µc (E) +µ pp (E) ……………... (2.8) 
 
Where µpe(E) is the attenuation caused by the photoelectric effect, µc(E) the 
attenuation caused by Compton scattering and µpp(E) the attenuation caused by pair 
production. These processes depend on the atomic number and density of the object  
and the X-ray energy. As mentioned above, only the first two processes have 
relevance to this work. 
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2.5 X-ray detectors 
 
There are many types of detectors suitable for the detection of X-rays, such as silicon 
surface barrier detectors, X-ray film and scintillation detectors. All methods use some 
physical effect of X-ray interaction with matter e.g. production of heat, the emission 
of light and photoelectric effect. We will only focus on the scintillation detector in 
this work, which is commonly used in X-ray scanning systems [16]. 
 
The operation of scintillation detectors, classified as organic and inorganic, depends 
on the luminescence of the material when excited by ionising radiation. The amount 
of light emitted is proportional to the amount of energy absorbed by the material. 
There are two types of luminescence, namely fluorescence and phosphorescence. A 
fluorescent material emits light almost simultaneously with the exciting radiation and 
stops when excitation stops, while phosphorescent material continues to emit light 
even after incident excitation has stopped. Phosphorescent screens are not favoured 
for practical application as they have a slower acquisition process.  
 
2.6     X-ray analytical techniques 
 
This section describes the imaging screening methods of X-ray technologies, such as 
conventional X-rays, dual energy, backscatter energy and computerized tomography 
(CT). Their applications and principles are illustrated and discussed. 
 
2.6.1 Single energy X-ray systems 
 
 A conventional X-ray system produces a single image of an object by recording the 
attenuation of the X-ray beam passing through it. It is important in detecting high 
atomic number materials, such as metals. 
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2.6.2  Dual energy X-ray systems  
 
The physical principle of dual energy X-ray comes from the fact that the X-ray 
absorption coefficient of any material is density and energy dependent. A dual energy 
X-ray system consists of a combination of two radiographs acquired at two distinct 
energies, enabling both the density and atomic number to be obtained, thus also 
providing information about material composition. As mentioned in the previous 
section, X-ray attenuation is the combined process of the photoelectric effect and 
Compton scattering. Photoelectric absorption is dependent on atomic number and 
dominates at lower energies while Compton scattering is dependent on the electron 
density of an object and dominates at higher energies. Nevertheless, the two 
components are energy dependent and can be linearly combined to eliminate 
unwanted material or highlight the target material in the final image. As an example, 
dual energy X-ray absorptiometry is used in medical applications for bone mineral 
analysis [16].   
  
For aviation and other security applications, dual energy imaging technology has an 
improved scope to detect explosives and other illicit or contraband materials which 
cannot be identified by single X-ray systems. In a typical baggage scanner, two X-ray 
detectors are used for high and low energy X-rays. The two images at different 
energies are used to categorize the pixellated image into organic (e.g. explosives, 
drugs and food), inorganic (e.g. glass and plastics) and metallic materials. Usually a 
colour indexing scheme is used to visually discriminate between the different types of 
materials.  Recently, this technique was developed for applications in the wool, and 
meat industry, for determination of raw wool and boneless meat qualities [4]. In wool 
this was used in an attempt to determine wool base, which is a measure of the amount 
of clean wool, apart from grease, suint, vegetable matter etc.  Nevertheless, because of 
limitations in terms of penetration, this method only enabled small (20cm thick) 
samples to be scanned and was not suitable for full-size commercial bales. 
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2.6.3 Computer tomography (CT) X-ray systems 
 
Computerized tomography (CT) uses multiple projections in order to reconstruct a 3D 
image of the sample based on the variations in the attenuation within the sample. 
Figure 2.8 illustrates the principle of X-ray CT. By rotating the specimen 3600, the 
attenuation of X-rays in many orientations can be registered at the detector.  
 
X-ray CT has been used in diagnostic medicine and in imaging microscopic non-
destructive evaluation of materials, such as ceramics, electric insulator plastics and 
wood. In material science, X-ray CT has been used in imaging morphological 
structures and the phase distribution of concrete and heterogeneous materials [18]. 
 
 
 Figure 2.8: Illustration of X-ray CT principles, showing the components of the system 
[17] 
 
Some preliminary studies were undertaken on miniature (20x20x20cm3) wool bales 
containing various foreign objects to investigate the feasibility of applying X-ray 
radiography to wool bales. Promising X-ray CT images were obtained using a 100kV 
X-ray source and examples of the acquired images are shown in Figure 2.9. The 
success of these preliminary results led to the present study being undertaken. 
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 Figure 2.9: Tomography of “miniature” wool bales, containing various foreign 
objects, with standard and colour enhancements [19] 
 
In order to determine the feasibility of using X-ray CT for contamination detection 
and for characterising the contaminants in a full-size wool bale, it was first necessary 
to investigate potential variations in the packing density within a bale of wool and the 
effect thereof on the CT images produced. Chapter 3 addresses this aspect of the 
study. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 25 
CHAPTER 3: Density distribution within a wool bale 
following compression and decompression 
 
 
3.1 Introduction 
 
 
There are a number of characteristics of wool that may affect its pressing 
(compression and compaction) behaviour. These include the mass of wool fibre 
present, the structural properties of the fibres, the nature and amount of non-wool 
material present (e.g. grease, dirt etc), the secondary effects of fibre diameter, and the 
moisture content of the specimen. It should be noted that variations in moisture 
content will affect the X-ray attenuation distribution, although the effect in terms of 
changes in the laboratory measuring environment should be small. 
 
X- and gamma-ray attenuation in wool is density dependent and is similar to that in 
polypropylene. The wool in the bale tends to clump together, thus giving rise to 
considerable density variations within the bale, which could conceal strands of 
polypropylene. In this experiment we determine the effect of wool bale density 
variations on gamma-ray attenuation, at different compression steps, utilizing a 
simulated wool bale. 
 
3.2  Materials and methods 
 
3.2.1 Sample preparation 
 
In this experiment, greasy wool samples were placed in a closed plastic cylinder 
having a compression/decompression piston, the gamma-ray attenuation being 
measured transversely, as shown in Figure 3.1. The length of the sample holder was 
900mm, with the inner and outer diameters being 130mm and 140mm, respectively.  
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 Figure 3.1: Plastic cylinder – 900mm × 130 mm inner diameter, 140 mm outer 
diameter. 
 
3.2.2 Gamma-ray sources 
 
Gamma-rays from a cesium-137 source, with photon energy and activity of 662 keV 
and 37 MBq, respectively, were used. Cobalt-60, with photon energies of 1173 and 
1332 keV and activity of 10 kBq, was used as the reference monitor. The interaction 
of gamma radiation with matter is the same as that of X-rays discussed in the 
previous   chapter. 
 
 
 
Counts 
 
 
 
 
 
 
 
 
 
 
 
                                                           
      Energy (keV) 
 
Figure 3.2: A typical energy spectrum from two gamma-ray sources, showing the 
single peak from cesium-137 and twin peaks from cobalt -60. 
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3.3 Experimental equipment and measurements 
 
The experimental setup (see schematic diagram in Figure 3.3), consisted of the 
gamma-ray source, a lead collimator on either side of the pipe and a gamma-ray 
detector with associate electronics. 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
Figure 3.3:   Attenuation of   gamma- ray beam 
 
 
3.3.1 Gamma–ray detection system  
 
For this work, a sodium iodide crystal detector doped with thallium (NaI(Tl)) was 
used as the gamma-ray detector. The sodium iodide detector is a scintillation detector 
consisting of a scintillation crystal and photomultiplier tube. The crystal was 5cm in 
diameter and 5cm thick. The photomultiplier anode output is connected to an 
amplifier by means of a short length of coaxial cable. 
 
During operation, incident gamma ray interacts with the electron in the crystal 
according to photo-electric effect or Compton scattering. The struck electron interacts 
with the electrons in the crystal causing excitation. The resultant de-excitations 
correspond many light flashes first hit the photomultiplier tube (PMT) (see Figure 
3.4).  
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Figure 3.4: Schematic diagram of the sodium iodide detector with 
photomultiplier tube. 
 
 
3.3.2 Electronic modules 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.5: Schematic representation of gamma- ray experimental set- up. 
 
 
Figure 3.5 illustrates schematically the electronics used to collect the gamma-ray 
signals detected by the detector. The high voltage was set at 900V to provide a 
suitable output signal to the pre-amplifier and thence to the amplifier for processing. 
A computer based Silena multichannel analyzer system was used to collect the 
spectra, the information was then stored on the PC. 
 
3.3.3 Collimators  
 
The use of collimators suppresses the background due to scattering of gamma-rays 
from material not in the line of sight between the source and detector. Thus, 
collimation defines the volume of the object probed by the gamma-ray beam. The 
detector was shielded by a cylindrical volume of lead with a pinhole diameter of 
0.5mm.  
INCIDENT 
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3.3.4 Density measurement  
 
A known mass of greasy wool was loaded into the cylinder. Measuring the location of 
the piston and assuming a uniform compression of the wool along the length of the 
cylinder, enabled the density of the wool to be calculated. 
 
 
3.4 RESULTS AND DISCUSSION 
 
The stability of the counting system was evaluated by recording the acquired spectra 
every 5 minutes over a 48 hour period, as shown in Figure 3.6. It can be seen from 
both the Cs and Co data that a change in intensity occurred about 7 and 26 hours into 
the experiment (possibly due to day/night temperature changes). Normalizing the Cs 
count rate with respect to the cobalt data removes the instrumental effects on the data. 
Figure 3.6: Variation in counts for the unattenuated source. 
 
The attenuated spectrum of the empty cylinder was measured at 10 equally spaced 
points along the holder. The relative intensity along the empty holder was uniform, as 
shown in Figure 3.7, with an average value of count 3459±145. 
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Figure 3.7: Variation in the count using an empty sample holder at a position x 
along the cylinder 
 
After loading the sample holder with wool, the attenuation was measured at five 
equally spaced locations (defined as Relative X) along the section of the holder 
containing the sample as it was compressed (Figure 3.8), and decompressed (Figure 
3.9).  
 
The higher intensities observed in Figure 3.8 compared to the empty holder were 
assumed to be due to thermal effects in the detector, since attenuation could 
obviously not be less than that for  an empty holder. 
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Figure 3.8: Wool attenuation counts curves at different densities after 
compression. 
 
 
 
 
 
 
Figure 3.9: Wool attenuation counts curves at different densities after decompression 
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As the wool was compressed, its density distribution became more uniform. After 
decompression, the wool appears asymmetrically less dense at the ends. This was 
probably due to frictional forces operating against the wall of the cylinder. The effects 
of density variations along the cylinder on the gamma-ray attenuation are clearly 
illustrated by Figures 3.8 and 3.9.  
 
3.5 Conclusions  
 
 
This part of the study investigated the effect of density variations within a cylindrical 
holder on gamma-ray attenuation. It showed that a density variation of <10% would 
be difficult to resolve in the bales of wool, thus making it impossible to detect thin 
strands of polyethylene, if X-rays were to be used. It was proposed that wool bales be 
scanned after compression because the higher density wool could make it possible to 
distinguish the lower density polypropylene from wool. Resorting to a dual or multi- 
gamma-ray system might help to improve the resolution, but does not form part of the 
present study. 
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CHAPTER 4: Characterization of X-ray spectra  
 
4.1 Introduction 
 
Knowledge of the X-ray spectrum structure is required for optimization of detection 
systems. The stability of X-ray tube emission is an important factor that will influence 
the accuracy of the measurement. The main influential factors in the production of the 
spectrum are tube voltage and applied current. Tube voltage primarily changes the X-
ray energy distribution, and therefore the proportion of radiation penetration through 
an object. Higher acceleration voltages would provide stronger penetration power. 
The applied current influences the number of electrons and consequently the X-ray 
flux. The purpose of this study was to determine the efficiency of the X-ray source by 
using radioactive sources and comparing the measured spectrum with the tabulated 
data and that used for simulation.  
 
4.2 Experimental set-up 
 
The detector used in this work was an Ortec High Purity Germanium with a thin Be 
window to allow low energy X-rays to reach the detector. The detector was biased at  
-2.6 kV. The output from the detector pre-amplifier was connected to an amplifier and 
then to a multichannel analyzer (MCA).  The X-ray tube and detector were positioned 
about one metre apart so that both units were directly facing each other. The X-ray 
source was operated at the minimum current of 0.1mA so as not to overload the 
detector.  In order to further reduce the high radiation flux emitted from the X-ray 
tube, the detector was collimated and shielded with lead bricks, also to exclude any 
background.  A schematic diagram of the experimental set-up is shown in Figure 4.1. 
The problem with introducing lead shielding is the presence of fluorescent K    and K   
X-rays which will be discussed in the next section. 
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Pb shielding 
 
 
 
  
  
 
 
 
   Figure 4.1: Schematic diagram of X-ray generator spectrum methods 
 
 
 
4.3 Results and discussion 
 
4.3.1 Energy calibration 
 
Calibration of the HP-Germanium detector with the MCA setup is necessary to 
correlate the MCA channels with the X-ray energies. We used three radioactive 
isotopes to calibrate the detector system (see Table 4.1) which appropriately covered 
the energy range of the X-ray generator used.  Radioactive isotopes emit well-defined 
X-ray energies and these energies show up as sharp peaks on the MCA spectrum. 
Thus, a linear detector energy calibration curve can be developed with a sufficient 
number of radioactive isotopes. 
 
Figures 4.2 and 4.3 show collected spectra for the 133Ba and 235U/238U sources 
respectively.  From the identified peaks, a detector energy calibration could be 
obtained as shown in Figure 4.4. 
 
Table 4.2 lists the X-ray energies for K    and K   emissions from Barium and Uranium, 
which one would expect to see due to atomic excitations occurring during the 
radioactive decay process. 
 
 
X-ray source 1mm 
beam spots 
Distance=105cm 
HPGe detector 
Beam intensity 
 35 
 
Table 4.1. Absolute branching ratios of gamma-rays emitted during radioactive decay 
of barium-133 and uranium (235 and 238) [21]. 
 
 
Source   Energy (keV)                                   Intensity               Half life  
 
Barium source (133 Ba)                     10.57y 
30.625    33.5 ± 0.8 
30.973    62.0 ± 1.3 
35.2           22.2 ± 0.6 
53.16    2.20 ± 0.04 
79.61                2.63 ± 0.08                                     
81.0                                         34.1 ± 0.5 
276.4                                       7.17 ± 0.4 
302.85                                     18.32 ± 0.07 
356.0                                       62.0 ± 0.3 
385.85    8.93±0.06 
 
 Uranium 235 (235U)                                      7.037x108y 
 
25.64                                       146 ± 0.3 
84.2                                         6.70 ± 0.1    
143.76    10.96 ± 0.08 
163.3    5.08 ± 0.04 
185.7    57.2 ± 0.5 
205.3    5.01± 0.05 
 
Uranium 238 (238U)                                 4.468x109y 
49.55       0.07 ± .01 
63.29                                   3.80 ± 0.3 
                        92.35                  2.72 ± 0.2 
            92.78       2.69 ± 0.2 
                        112.8                  0.24 ± 0.02 
            766.4                      0.21 ± 0.01 
             1001.0                                         0.59 ± 0.02 
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Figure 4.2: Gamma-ray and X-ray spectra of  133Ba showing the absolute intensity at 
the defined energy. 
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Figure 4.3: Spectra, showing the gamma-ray and X-ray energies of an enriched U 
radioisotope. Pb X-rays are due to fluorescence X-rays from the shielding. 
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  Figure 4.4: Energy calibration plot of MCA channel number versus X-ray energy 
 
 
      
 
Table 4.2: K    and K  X-ray lines due to atomic excitation of Barium and Uranium 
 
Material     X-ray lines  (keV) 
Barium                         K  1= 32.19   K  1= 36.36 
    K  2= 31.82   K  2=37.26 
Uranium    K  1=98.65   K  1= 111.02 
    K  2= 94.65   K  2= 114.46 
 
 
 
4.3.2. Relative efficiency of used sources     
 
Although the 133Ba and 235U/238U sources appeared to be useful reference sources, 
based on Table 4.1, when one considered the interference due to the X-ray lines and 
Pb fluorescence, only a few clearly resolved spectrum peaks could be used.  Based on 
this selection criteria, the relative efficiency curve due to the uranium and barium 
sources produced the fit shown in Figure 4.5.  The efficiency below ~80 keV drops 
rapidly and a curve is not plotted for this region. 
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Figure 4.5: Polynomial fit (order 4) of relative efficiency of the uranium and barium 
sources. Values were normalised relative to the 185.6 keV line.  
 
 
4.3.3 Comparison between the measured and simulated X-ray spectra 
 
The X-ray energy spectrum is expected to consist of a continuous and line spectrum 
as illustrated in Figure 4.6, the lines being due to the X-ray generator anode material, 
which in this work was Tungsten. A measured spectrum is illustrated in Figure 4.7 at 
225kV operating voltage. The K   and K   X-ray lines due to Tungsten were clearly 
observed but not resolved into K  1, K  2, K  1  and K  2 as indicated in Figure 4.6 and 
reference values for Tungsten and Lead as shown in Table 4.3.  
 
Table 4.3: X-ray lines of an anode material used in X-ray production and shielding 
material 
Material     X-ray lines 
    
Tungsten (W)                          K  1= 59.32   K  1= 67.15 
    K  2= 57.98   K  2=69.07 
 
Lead (Pb)   K  1=74.97   K  1= 84.78 
    K  2= 72.8   K  2= 87.31 
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Figure 4.6: Simulated energy spectra for 225-kev X-ray generator with tungsten 
anode. The mean energy X-ray intensity is at 60keV.  The peaks are due to the 
characteristic K   and K
 
lines from Tungsten. 
 
 Figure 4.7: X-ray spectra measured at 225kV, showing tungsten and lead K –X-ray 
lines. The Pb X-rays were due to fluorescence from the detector shielding.  
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The differences between the simulated and measured spectra are due to the following: 
i. No detector efficiency correction was made 
ii. X-ray fluorescence from the detector Pb shielding. This shielding was 
essential due to the high intensity of the X-ray source, even when operating at 
minimum current. 
iii. No correction was made for X-ray attenuation due to air between the source 
and detector. 
iv.   No consideration of scattering effects of X-rays at lower energy. 
v. Due to the high intensity of the X-rays reaching the detector, the observed 
dead-time of the data acquisition system was relatively high at around 16%. At 
this level some pile-up effects could be expected. This occurs when two or 
more X-rays strike the detector at close intervals. This explains the 
continuation of the energy spectrum beyond 225 keV. 
Further investigation should be done to calculate the absolute efficiency and correct 
the measured spectra, which is not part this study.      
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CHAPTER 5:  Imaging with X-ray Radiography 
 
5.1    Introduction 
 
X-rays find widespread application in various fields due to their ability to penetrate 
matter and interact with all atomic species. Because penetration is affected by various 
material properties, in principle it is possible to identify materials by using X-ray 
attenuation measurements. In this study, the theoretical values of certain material 
attenuation coefficients are compared with the experimental values. Since wool 
contamination comprises organic and inorganic matter, the study focuses on iron and 
aluminium (inorganic) and wood and polyethylene (organic). The interactions of X-
rays with these materials were studied so as to gain a better understanding of the 
potential of X-rays in detecting and identifying various types of contaminants in a 
complex material, such as wool bales. 
 
5.2     Sample description 
 
According to Franklyn, etal [22], a typical chemical composition of dry clean wool is: 
Hydrogen-5%, Carbon-38%; Nitrogen-22%; Oxygen-21% and Sulphur-14% 
 
Some relevant properties of wool, wood, polyethylene, aluminium and iron are listed 
in Table 5.1 
  
Table5.1:  Some relevant properties of materials used in this study 
 
Material         Elemental composition       Effective atomic number [23]            Density 
              (g/cm3) 
 
Wool                           C
.38H.05N.22O.21S.14               5.34                                                         0.20 
 
Polyethylene               C2H4             5.29                                      0.93 
 
Wood                          C6H10O5                             6.68       0.56 
 
Aluminium                    Al                                   10.65                                      2.7 
 
Iron                                Fe                                   26.57                                     7.8 
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5.3 X-ray characteristics of wool and contaminants 
 
 Each element has its own mass attenuation coefficients as indicated in Table 5.2.  
 
Table 5.2: The mass attenuation coefficient of Hydrogen, Carbon, Nitrogen, Oxygen 
and Sulphur according to Burger & Hubbell [24] 
 
 
The mass attenuation coefficient of wool can be predicted from that of its primary 
elements by summation of the attenuation values of the elemental constituents, 
weighted according to the elemental mass fraction (see Table 5.3). The primary 
elements in wool were studied with an X-ray energy spectrum having a maximum 
energy of 225keV. 
 
Table 5.3: Calculated mass attenuation coefficient of clean dry wool at different X-
ray energies. 
 
X-ray energy (keV) Mass attenuation coefficient (cm2/g) 
40 0.339 
80 0.184 
100 0.167 
150 0.144 
225 0.125 
 
X-ray energy 
(keV) 
 
Mass attenuation coefficient (cm2/g)  
 
H C N O S 
40 0.346 0.208 0.229 0.259 0.987 
80 0.309 0.161 0.164 0.168 0.259 
100 0.294 0.151 0.153 0.155 0.202 
150 0.265 0.135 0.135 0.136 0.151 
225 0.233 0.118 0.118 0.119 0.124 
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Figure 5.1: Calculated mass attenuation coefficient of wool, polyethylene and wood 
as a function of X-ray energy.  
 
It therefore appears that at low energies, <100 keV, one can rely on the attenuation 
coefficient differences to distinguish between wool, polyethylene and wood, see 
Figure 5.1. Nevertheless, this is not the case at higher energies. But to scan a full bale, 
see Figure 5.2, it is necessary to use high energy X-rays to obtain penetration. Thus 
high density contaminants, such as metals, will still be detectable, but it will be harder 
to distinguish wool from polyethylene or polypropylene and wood, especially in the 
case of small quantities of such contaminants.   
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.2: A typical wool bale use in this study, with a mass of 150kg and 
dimensions  of 70x70x110cm3. 
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5.4 Experimental details  
 
5.4.1 X-ray source 
 
The generator used (model  Yxlon MXR-225/22) is capable of operating at energies 
up to 225 kV accelerating voltage, implying a maximum X-ray emission energy of 
225 keV, with a maximum beam current of 13.3 mA. The X-ray tube has a tungsten 
anode which maintains its strength at high temperature and has a high melting point 
and relatively low rate of evaporation [12]. The important variable that affects the X-
ray source is the size of the focal spot and the energy spectrum. The 225 kV X-ray 
tube has a dual filament focal spot. Depending on the intensity, focal spots of 1 mm or 
5.5 mm can be used; the larger focal spot was used because with higher intensity this 
can improve the counting statistics with low spatial resolution. The smaller focal spot 
allows more detailed imaging at the expense of low intensity. Though the smaller 
focal spot is always preferred for better resolution, the large focal spot was used 
because of the high detector output.     
 
5.4.2 X-ray detection components  
 
The detector is one of the main components of X-ray radiography. When X-rays pass 
through the sample, the transmitted photons are recorded on the charge coupled 
device (CCD) camera.  
 
 
 
 
 
 
 
 
 
 Fig 5.3: Schematic representation of X-ray detection components 
X-ray 
Beam Object to scan 
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The basic principle of the detector is the combination of CCD and scintillator screen. 
The light from the screen was reflected to the camera by the mirror which was placed 
at an angle of 450 and focused on the CCD-chip by the lens, see Figure 5.3. 
 
Scintillator screen 
The first part of the X-ray detector is the scintillator. This is a standard gadolinium 
oxysulphide phosphor (Gd2O2S) scintillator, having dimensions of 50x50 mm surface 
and 25µm thickness.  
 
CCD camera 
A 1024× 1024 pixel; Peltier-cooled CCD (DV434-BV) camera from Andor 
Technology was used, having a pixel size of 24µm x 24µm.The Peltier-cooled CCD 
camera makes a frame readout in approximately 2.2s. To minimize the dark current of 
the CCD chip, it was cooled to -450C using a built-in Peltier cooling block. 
   
Aluminium front-coated mirror 
To protect the CCD chip from excessive X-ray radiation or any other radiation, such 
as neutrons, a mirror was mounted 450 to the incoming radiation. The visible light 
reflected from the mirror was captured by the chip. 
 
 SMC-Pentax lenses 
These lenses are important for capturing the image from the scintillator screen onto 
the CCD chip and for enhanced image spatial resolution, especially for small samples. 
Table 5.4 presents the spatial resolution obtained with various SMC-Pentax lenses. 
 
Table 5.4: Specifications of various SMC-Pentax lenses [19]. 
 
Pentax lens type Field of view (FOV) (mm2) Spatial resolution (pixels/mm) 
A 50mm/F1.2 250 x 250 3.8 
FA 100 mm/F2.8 130x 130 7.7 
FA 135 mm/F2.8 100x 100 10.3 
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5.5 Factors affecting the detection of contaminants within a wool bale 
 
5.5.1 Noise 
 
Noise in the image is related to the counting statistics and the properties of the 
experimental system. When counting a number of events, N, natural variations in the 
values are due to the statistical nature of the process.  Mathematically, statistical noise 
is related to the number of counts N, by N  [14]. Hence counting more photons, by 
increasing the incoming flux or imaging time, reduces the effects of photon noise.  
 
5.5.2 Contrast and signal to noise ratio 
 
The image contrast is defined as the ratio of the pixel mean intensity recorded in the 
presence and absence of contaminants within a wool bale [25]. 
    
 
w
w
I
IIC )( −=
………………………….........................5.1                                            
                           
Where C: is the image contrast 
  I:  is the intensity of X-ray photons detected in the presence of contaminants. 
Iw : is the intensity of X-ray photons detected in the absence of contaminants 
(i.e. wool only). 
  
The noise level of the image is characterised using signal to noise ratio (SNR). A 
higher SNR leads to a better image quality. In the field of X-ray imaging, it is known 
that contrast and SNR are related to X-ray energy. In general, better image contrast 
can be achieved at lower energies while a higher SNR can be observed at higher X-
ray energies.  
 
The spatial resolution of the images collected can affect the detectability of an object. 
We cannot rely on the individual pixel to define an object; it has to be a collection of 
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pixels, preferably 10 x 10 pixels. Thus, depending of the image resolution (pixels per 
mm), we are limited in spatial resolution. 
 
5.6 Results and discussion 
 
5.6.1 Attenuation measurements on wool and contaminants 
 
Linear attenuation coefficients of materials at various energies (100, 150, and 225) 
were calculated. By plotting the loge (Io/I) as a function of thickness at a particular 
energy, one can obtain the linear attenuation coefficient. Table 5.5 illustrates the 
measured and calculated attenuation of a transmitted beam of X-rays through 
polyethylene, iron and aluminium at three different voltages.  The calculated 
attenuation was based on the intensity distribution as a function of energy model. 
 
Table 5.5:  Linear attenuation coefficients, µ cm-1, of polyethylene, iron and 
aluminum.  
 
Photon energy (keV)  100   150   225 
Material   meas Calc      meas    Calc      meas    Calc 
Polyethylene      0.13  0.21       0.15 0.20      0.14       0.20 
Iron       0.40  2.21        0.67  1.90      0.61       1.79 
Aluminium      0.34  0.40      0.29 0.36      0.24       0.35 
     
 
The difference between the measured and calculated attenuation is considered to be 
due to a number of factors: 
i) Beam geometry (a divergent conical beam was used and not simulated) 
ii) Scattering effects in the sample 
iii) The calculated attenuation did not account for the effects of the air 
between the source and detector, especially for low energy X-rays 
iv) CCD camera detection efficiency as a function of X-ray energy 
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5.6.2 Measurement of scattering effects 
 
Among the many factors that determine X-ray sensitivity is that of scattering 
radiation. When the transmitted beam is collimated properly, such as when a narrow 
beam geometry is created, then the multiple scattered photons are prevented from 
reaching the detector and hence are not measured. But as the collimator size and 
sample thickness increase, the probability of multiple scattered photons reaching the 
detectors increase. For the uncollided photons, the multiple scattered photons are also 
measured. This is firstly because with an increase in sample thickness, a greater 
number of scattered photons are generated and secondly because with an increase in 
the collimator position (half acceptance angle) the detector is more exposed to the 
scattered radiation, reducing the calculated linear attenuation coefficient of the 
measurements. 
 
Three geometric set-ups were created to evaluate the effects of scattering on the 
measurements made as illustrated in Figure 5.4.  
Figure 5.4: Definition of X-ray system geometric set-up for source, collimator, sample 
and detector used in this experiment. 
Collimator 
Sample 
Collimator 
Source 
Collimator 
Detector 
distance ss Sample 
Sample 
Source 
distance 
distance 
sd 
dd 
Detector 
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With an increase in medium thickness, the probability of multiple-scattered photons 
being added in the uncollided beam of X-rays increases. Moreover, when the source is 
collimated and the sample is placed next to the detector, the probability of counting a 
greater number of single or multiple scattered photons along with the beam of X-rays 
increases due to the larger exposure of the detector. Hence the contribution of 
multiple-scattered photons resulting from changes in the thickness of the medium and 
the collimator position, leads to a variation in the attenuation coefficient. This means 
that there is a definite correlation between these two effects i.e., absorber thickness 
and collimator position which causes the attenuation coefficient to be affected. The 
results of the attenuation coefficient measurements for polyethylene are plotted in 
Figure 5.5. 
 
Figure 5.5: The scattering effects of different thicknesses of polyethylene with 
different collimator and sample positions. 
 
From the above discussion, it can be concluded that the effect of multiple scattered 
photons on the measurements of the attenuation coefficient of composite materials, 
such as polyethylene, can be minimized by using a well collimated narrow beam 
geometry. Hence, the effect of multiple scattered photons can be neglected, even up to 
a large absorber thickness, by collimating the source and detector.  
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5.6.3 Minimum thickness detection 
 
Since polypropylene consists of low density, low absorbing elements, it is difficult to 
distinguish the polypropylene within wool bales.  This is illustrated in the 
radiographic images of three different thicknesses of polypropylene in a bale of wool 
(see Figure 5.6). 
  
 
 
 
 
 
 
 
Figure 5.6: Radiographic images of rectangular pieces of polyethylene of different 
thickness inside a wool bale 
 
In Figure 5.7 the measured transmission intensity is plotted of polypropylene sample 
thicknesses ranging from 2.1 to 10.2mm.  From the graph and the images in Figure 
5.6 it is apparent that a minimum thickness of 3.58mm of polypropylene can be 
detected within a bale of wool. 
Figure 5.7:  Plot of transmitted intensity as a function of thickness of polypropylene 
(poly) and wool 
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Similar measurements were performed for aluminium for thicknesses ranging from 
1.6 to 3.2mm, see Figures 5.8 and 5.9.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.8:  Radiographic images of rectangular pieces of aluminium of different 
thickness inside a wool bale   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 5.9:  Variations in intensity due to changing with thickness of aluminium (al) 
 
 
From the figures it is apparent that aluminium as thin as 1.6mm can be easily 
detected.  
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Finally, measurements with samples of iron with thickness ranging  from .025 to 10.5 
mm were made, the results of which are shown in Figures 5.10 and 5.11. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure5.10 Radiographic images of rectangular pieces of iron of different thickness 
inside a wool bale   
 
 
 
Figure 5.11:  Variation in intensity due the changing iron thickness 
 
According to the results obtained, an iron sample with a minimum thickness of 
0.131mm can be detected within a bale of wool.  
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5.6.4 Simulation of transmission of X-rays 
 
To obtain a further understanding of the attenuation effects, the complete attenuation 
process was simulated using a standard analysis code, known as MCNP [26]. The 
Monte Carlo method is the most regularly used numerical technique for addressing 
the problem of X-ray interaction with matter by simulation. The basic idea is to 
follow the path of individual particles (photons and electrons) by randomly sampling 
the probability of interaction describing the real particle behaviour. Figure 5.12 
illustrates the simulated transmission images of 1cm2 pieces of iron 1 and 2mm thick, 
aluminium, 2 and 4mm thick and polypropylene, 10 and 20mm thick, through air, 
through 20cm of wool and through 70cm of wool, respectively. 
 
       (a)     (b)                (c) 
 
 
 
 
 
 
 
 
Figure 5.12:  Transmission images of 1cm2 samples of: top row – 2 and 4mm thick 
aluminium, middle row – 1 and 2mm thick iron, bottom row – 10 and 20mm thick 
polyethylene.  Image (a) is through air, (b) through 20cm of wool and,( c) through 70 
cm of wool. 
 
As can be seen, the clarity with which one can observe the different samples is 
dependent on how one can resolve this thickness. These figures relate to everyday 
items as follows: 1mm of iron is approximately equal to the thickness of a paperclip, 
2mm of aluminium is equal to that of the rim of a cold drink can, 10mm to 20mm of 
polyethylene is approximately equal to a small office eraser.  As can be seen, even 
with a 225 kV X-ray system, it is difficult to distinguish 10mm thick polymers and 2 
mm thick aluminium within a full bale, whereas a 1mm of iron could be 
distinguished.  By acquiring a tomographic image, items such as aluminium can, with 
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a wall thickness less than 1mm, should be resolved due to the effective thickness of a 
tilted sample.  It must be emphasized here that we are scanning through a full bale of 
wool that is naturally inhomogeneous in its fibre distribution. Figure 5.13 simulates 
the effect of variations in the density of wool bales. 
 
One can see from the figure that as the contrast decreases the minimum size of the 
detectable objects increases. The detectability of an object is proportional to the 
contrast multiplied by the square root of the area. 
 
 
 
 
Figure 5.13:  Effect of  density variations of wool bales on attenuation as determined 
by X-ray simulation 
 
 
 
5.7 Conclusions 
 
A basic tenet of X-ray attenuation is its dependence on the atomic number and density 
of the material, thus light (lower density) polymer materials, such as polyethylene and 
polypropylene, attenuate X-rays much less than heavier (higher density) materials, 
such as iron. This has been demonstrated in this study for various materials.  By the 
same token, packing density variations normally encountered in a bale of wool also 
cause variations in X-ray attenuation.  
 
It was concluded that polyethylene, or polypropylene, contamination needs to be at 
least 4mm thick to be confidently detected, whereas aluminium and iron could be 
Density 10% lower                       average                          10%higher 
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considerably thinner than 1mm and still be detected.  This finding is, however, 
depends upon the areal dimension of the samples. 
 
Based on experimental studies and theoretical modelling, with the present X-ray 
source and detection system, it would be possible to detect material with a density at 
least 7 times greater than wool at a thickness of 1mm and material 4 times denser than 
wool at a thickness 1cm .  Thus, the X-ray technology would be useful for identifying 
bulk contaminants of items, such as pieces of wood, or small pieces of metal, stones, 
etc. in wool bales. 
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CHAPTER 6: Main conclusions and 
recommendations for future work. 
 
The limitations in the use of X-ray radiography for characterizing contaminants of 
different density and elemental composition have been demonstrated. It was clearly 
shown that it is extremely difficult to detect low density contaminants in a typical 
wool bale regardless of X-ray energy. In particular, it has been demonstrated that X-
rays alone are not capable of detecting plastic materials, such as thin pieces of 
polypropylene and polyethylene, within bales of wool. It therefore follows that bits of 
clothing such as fabrics, jersey, and feathers, would also be very difficult to detect.  
 
Detection of even small qualities of high density contaminants, such as metals within 
a wool bale, was demonstrated. The detection limits were defined by the resolving 
power of the imaging system. 
 
To improve the X-ray detection technique the challenge would be to develop a 
suitable algorithm by means of which a computer could rapidly distinguish signals 
from contaminants as opposed to the naturally random fluctuation in wool distribution 
and density. The use of X-ray tomography is another potential approach in detecting 
small contaminants within wool bales since the X-ray attenuation is measured in a 
number of different planes and angles, thus enhancing the signal to noise ratio.  The 
drawback of the technique is the time taken to create and examine an X-ray 
tomograph compared to X-ray radiography, which would limit its applicability as an 
on-line technique in the wool industry. 
 
In the light of the above conclusions and the limitations of the X-ray technology for 
detecting the more common and problematic contaminants in wool bales, such as 
polypropylene and polyethylene, it is recommended that other potentially suitable 
technologies, such as fast neutron radiography be explored.   
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